Background: Physical activity (PA) during pregnancy has been shown to be associated with several positive effects for mother, fetus, and offspring. Heart rate variability (HRV) is a noninvasive and surrogate marker to determine fetal overall health and the development of fetal autonomic nervous system. In addition, it has been shown to be significantly influenced by maternal behavior. However, the influence of maternal PA on HRV has not yet been systematically reviewed. Therefore, the aim of this systematic review was to assess the influence of regular maternal PA on maternal, fetal or infant HRV. Methods: A systematic literature search following a priori formulated criteria of studies that examined the influence of regular maternal PA (assessed for a minimum period of 6 weeks) on maternal, fetal or infant HRV was performed in the databases Pubmed and SPORTDiscus. Quality of each study was assessed using the standardized Quality Assessment Tool for Quantitative Studies (QATQS). Results: Nine articles were included into the present systematic review: two intervention studies, one prospective longitudinal study, and six post-hoc analysis of subsets of the longitudinal study. Of these articles four referred to maternal HRV, five to fetal HRV, and one to infant HRV. The overall global rating for the standardized quality assessment of the articles was moderate to weak. The articles regarding the influence of maternal PA on maternal HRV indicated contrary results. Five of five articles regarding the influence of maternal PA on fetal HRV showed increases of fetal HRV on most parameters depending on maternal PA. The article referring to infant HRV (measured one month postnatal) showed an increased HRV. Conclusions: Based on the current evidence available, our overall conclusion is that the hypothesis that maternal PA influences maternal HRV cannot be supported, but there is a trend that maternal PA might increase fetal and infant HRV (clinical conclusion). Therefore, we recommend that further, high quality studies addressing the influence of maternal PA on HRV should be performed (methodological conclusion).
Background
During pregnancy, maternal physiological systems progressively adapt to accommodate the increasing demands of fetal growth and development [1] . This includes an increase in cardiovascular and respiratory output, an increase in renal function as well as endocrine and metabolic changes [2] [3] [4] . Due to these changes, pregnancy is a 'stress test' for the metabolic and physiologic system of women, and can lead to pregnancy-induced complications and adverse health effects. Pregnancy associated conditions such as gestational diabetes, hypertension, mental disorders and maternal obesity have been shown to alter fetal development and increase the risk of diseases in the offspring and the infant's later life [5] [6] [7] [8] . Furthermore, the risk for some of these maternal adverse health effects has been shown to be associated with increased sympathetic activity during gestation [9] .
One method to monitor sympathetic and parasympathetic control of the autonomic nervous system (ANS) is heart rate variability (HRV). It describes beat-to-beat variation in cardiac R-R interval. Analyzing these R-R intervals in different frequency and time domains provides information on whether changes in heart rate (HR) are mediated primarily by the sympathetic or parasympathetic arm of the ANS [10, 11] . In adults, increased HRV has been associated with higher aerobic fitness and may therefore lead to possible maternal health benefits [12] . Furthermore, several studies indicated that exercise has positive effects on HRV in both healthy adults and children [13, 14] . With regard to the influence of overweight and obesity (OaO) on HRV, increased BMI has been associated with reduced HRV and increased sympathetic and decreased parasympathetic activity [15] [16] [17] [18] . Part of this might be due to reduced physical activity (PA) levels in people with higher BMI, since in OaO adults who were regularly physically active HRV was higher compared to sedentary peers [19] .
In healthy pregnant women, sympathetic control also increases with progressing gestation as consequence of physiological adaptations of the maternal body, resulting in an altered HRV compared to healthy non-pregnant women [20] . In the growing fetus, HRV is used as a surrogate marker to determine the development of fetal ANS and overall fetal health [11, 21, 22] . However, fetal HRV is strongly influenced by maternal behavior (e.g. cigarette smoking and alcohol consumption) [23, 24] .
Throughout pregnancy, regular PA, which is defined as 'any bodily movement produced by skeletal muscles that results in energy expenditure' [25] , has been shown to improve maternal cardiovascular and respiratory output, improve insulin resistance and metabolic control, reduce the risk of gestational diabetes mellitus as well as depressive symptoms [26] [27] [28] [29] [30] [31] . In non-pregnant women, adult men as well as in children, PA has further been shown to affect cardiovascular autonomic control and HRV [32] [33] [34] [35] .
Although HRV is a noninvasive method to monitor control of ANS of the mother as well as overall fetal development, the influence of maternal PA on HRV has not yet been systematically reviewed. Therefore, within the present article we systematically reviewed studies that assessed the influence of PA during pregnancy on maternal, fetal or infant HRV. Based on the review, a more definitive conclusion on the influence of maternal PA on maternal, fetal and infant HRV can be obtained. In addition, recommendations for future studies in this field will be formulated.
Methods

Literature search
A systematic literature search of studies that examined the influence of regular maternal PA on maternal, fetal or infant HRV was performed in the databases Pubmed and SPORTDiscus. Therefore, a search term was created that combines 'physical activity' , 'pregnancy' , and 'cardiovascular outcomes'. The final search term for Pubmed can be found in Appendix 1. For the search on SPORTDiscus, this search term was adapted following the SPORTDiscus search guidelines. Since the search term was very specific, no further limits were used to specify search. The search was completed on February 2 nd 2016.
Inclusion criteria and selection process
In this systematic review, all studies had to fulfil the following inclusion criteria: (1) assessing the influence of PA during pregnancy on HRV in (a) mother, (b) fetus or (c) infant; (2) dealing with human subjects; (3) dealing with any kind of PA (e.g. aerobic exercise, resistance exercise, yoga, gymnastics, etc.); from a public health point of view, the effects of regular PA and not the effects of acute PA are of interest, consequently (4) PA levels should be assessed for a minimum period of 6 weeks; (5) abstracts had to be available in English, German or Dutch language; (6) only full papers published in peerreviewed journals were considered. Since the aim of this systematic review is providing an overview of all studies assessing HRV dependent on PA in pregnancy, (7) all study designs were included (e.g. prospective studies, retrospective studies, intervention studies, observational studies etc.) in order to draw an overall conclusion. Altogether, 124 articles were identified (Fig. 1) . After removing three duplicates, 121 articles were screened by abstract and title for possible inclusion. Of these, 108 articles were excluded due to not passing all of the a priori formulated criteria. Finally, full texts of 13 articles were screened [34, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Of these, 4 were excluded for specific reasons (Fig. 1 ) so that nine articles were included into the final systematic review.
Quality assessment and strength of evidence
For assessing the quality of the included articles, the standardized Quality Assessment Tool for Quantitative Studies (QATQS) [48] , a well-established and validated tool for assessing the quality of studies in the field of public health research [49, 50] , was used. It consists of six components: (1) the extent to which the participants are representative of the target population (selection bias), (2) study design, (3) control of confounding factors, (4) blinding of outcome assessors and participants, (5) reliability and validity of the data-collection tools, and (6) the number of and reasons for withdrawals and drop-outs. The component 'blinding of outcome assessors and participants' was considered not applicable for observational and intervention studies in this review. The reason for considering 'blinding' not applicable for intervention studies in this case is that in studies with PA intervention the assessors (i.e. researchers) and the participants are very likely to know the outcome of the randomization [51] . According to standardized criteria, each component (1-6) of each article was rated as 'strong' , 'moderate' or 'weak'. Finally, an overall rating was calculated on the basis of the individual ratings also following standardized criteria: the overall rating was 'strong' , when there was no 'weak' component rating, 'moderate' when there was only one 'weak component rating, and 'weak' when there were two or more 'weak' component ratings. A detailed description of, as well as the criteria for, the six component ratings can be found online [48] .
Data extraction
The systematic literature search using the above described search terms as well as the a priori formulated inclusion criteria has been performed by PD and was checked by a second researcher (ST). Of the nine included articles, all relevant data were extracted by PD following a commonly used table format including study design, sample and subjects, methods, outcomes, statistics. Extracted data were checked by two researchers (EW, MvP). Quality assessment for each study using the QATQS has been performed by two researchers independently (PD, MS). When researches came to different results, these points were discussed within the research team to come to a consensus.
Results
Study descriptions
Nine articles were included into the present systematic review of which three refer to maternal HRV, four to fetal HRV, one to both maternal and fetal HRV, and one to infant HRV. In summary, four articles provide results on maternal HRV, five on fetal HRV, and one on infant HRV. Of these, two articles were intervention studies [36, 43] . The intervention study performed by Stutzman et al. [43] assessed the effects of low intensity exercise in normal weight (NW) and overweight and obese (OaO) pregnant women on maternal HRV. The intervention study performed by Satyapriya et al. [36] assessed the effect of yoga specifically designed for the second and third trimester of pregnancy, compared to standard prenatal exercise (intensity not specified) on maternal HRV. One article was a prospective longitudinal study which was designed to determine the influence of selfreported maternal exercise on fetal cardiac ANS development [40] . To assess self-reported maternal exercise, the authors used the 'Modifiable Physical Activity Questionnaire' (MPAQ). Finally, the remaining six articles [37-39, 41, 42, 47] were post-hoc analyses of subsets of the before mentioned longitudinal study of May et al. [40] . Four of these post-hoc analyses referred to maternal or fetal HRV measurements performed in gestational week 36, one to maternal HRV measurements performed at 28, 32, and 36 weeks of gestation, and one to infant HRV measurements at one month of age. The different HRV parameters assessed in the nine studies as well as their physiological association are summarized and described in Table 1 . The cohort and study characteristics are summarized in Table 2 .
The HRV outcomes depending on PA of the two intervention studies from pre to post, the longitudinal study, as well as of the six post-hoc analyses are presented in Tables 3, 4 , and 5. It has to be stressed that for the longitudinal study as well as for the six post-hoc analyses the MPAQ had been used to assess leisure-time PA (LTPA) Fig. 1 Flow chart of the literature search. *'Position state change only' means that the only measured activity was the change from sitting to standing position performed during the 9 months of pregnancy plus 3 months before pregnancy. On the basis of these selfreports, the sample(s) of pregnant women were characterized into exercise or control group (more or less maternal PA) or continuous or non-continuous LTPA group. LTPA had not been objectively measured using, for example, accelerometers in any of the included articles.
Study outcomes on HRV
Maternal outcomes
Four articles presented results concerning the influence of regular maternal PA on maternal HRV [36, 41, 43, 47] . May et al. [47] showed that the standard deviation of normal-to-normal intervals (SDNN), the root mean square of successive difference (RMSSD), very low frequency (VLF) HRV parameter, low frequency (LF) HRV parameter as well as high frequency (HF) HRV parameter were significantly increased in women who consistently exercised for a minimum of 30 min on three or more days (exercise group) at least at one time point of measurement in pregnancy compared to women of the control group who exercised less (detailed information see Tables 3, 4 , and 5). Van Leeuwen et al. [41] showed no significant differences in maternal HRV parameters but showed a trend of increased maternal RMSSD (p = 0.07) in women who exercised for a minimum of 30 min on three or more days a week (exercise group) compared to women of the control group who exercised less during pregnancy.
Stutzman et al. [43] showed that total power frequency (TP) HRV parameter was significantly decreased from pre-to-post intervention only in the OaO control group. LF was also significantly decreased over time in both control groups (NW and OaO) but not in the two exercise groups (NW and OaO). HF and the ratio of LF and HF (LF/HF), as well as the ratio of HF and TP (HF/ TP) showed no significant changes from pre-to-post intervention in any of the four groups.
Satyapriya et al. [36] tested maternal HRV of an exercise group which performed yoga and a control group which performed standard prenatal exercise. They assessed changes pre and post the exercise session (acute effects of PA) at gestational week 20 and gestational week 36 (intervention effect over time). At gestational week 20, no significant changes from pre-to-post exercise session were found for any HRV parameter (LF, HF, LF/HF) neither in the yoga nor in the prenatal exercise group. At gestational week 36, LF was significantly decreased from pre-to-post exercise session in the yoga group but not in the prenatal exercise group. Both groups showed a significant increase of HF from pre-topost exercise session at gestational week 36 and a significant decrease of LF/HF from pre-to-post exercise session at gestational week 36. In summary, significant acute effects of yoga and standard prenatal exercise on HRV were only measured at gestational week 36 and not at gestational week 20 (Tables 3, 4 , and 5).
Fetal outcomes
Five articles presented results concerning the influence of regular maternal PA on fetal HRV [37, 38, [40] [41] [42] .
Van Leeuwen et al. [41] showed that the SDNN and the RMSSD were significantly increased in fetuses of women who exercised for a minimum of 30 min on three or more days a week (exercise group) compared fetuses of women in the control group. May, Suminski et al. [37] assessed whether fetal HRV was correlated with continuous or non-continuous maternal LTPA. The SDNN significantly correlated with both continuous and Multiple regression were additionally performed to assess how well LTPA intensity and duration predict fetal heart measures Stutzman [43] Prospective controlled interventional study to assess pre-to-post changes of exercise conditioning on HRV in normal and overweight women. HRV was measured in supine position and during low-intensity exercise Beat-by-beat R-R intervals were obtained and recorded continuously during testing using three latex-free standard surface ECG electrodes and a Spacelab 514 cardiac monitor
Gw20 and gw36
ANOVAs were used to obtain within and between group changes from gw20 to gw36
May, [40] Prospective, longitudinal, nonblinded study to assess fetal heart measures depending on self-reported maternal exercise and fetal state The MPAQ was used to retrospectively assess all leisure-time physical activities (LTPA) performed during the last 9 months of pregnancy, plus 3 months before pregnancy (self-reported). Note that no exercise intervention was performed within the highlighted studies b pre-pregnancy BMI; pre-pregnancy weights of the participants were obtained by self-report from the women and confirmed from medical records c the steady-state testing protocol involved a 3-min warm-up at 20 W, followed by a ramp increase in work rate with 30 s to a level corresponding to 40 % of the maximal heart rate reserve [42] estimated the difference of fetal HRV exercise in periods of fetal breathing and periods of no-fetal breathing of women who exercised for a minimum of 30 min on three or more days a week (exercise group) compared to the control group who did less exercise. RMSSD, TP, VLF, and LF were not significantly different between the exercise and control group, regardless of fetal breathing or not, but showed trends of significance (p = 0.08, p = 0.06, p = 0.06, and p = 0.07 respectively). The intermediate frequency (IntF) as well as the HF were significantly increased in fetuses of the exercise group compared to fetuses of the control group. May et al. [38] assessed whether fetal HRV is correlated with intensity (kilocalories per minute) and duration (minutes of PA during third trimester) of maternal PA performed in the third trimester of pregnancy. SDNN and VLF significantly correlated with both intensity as well as duration. The RMSSD, LF, HF, and IntF significantly correlated with duration but not with intensity. Finally, May et al. [40] assessed the difference of fetal HRV of fetuses in women who exercised for a minimum of 30 min on three or more days a week (exercise group) compared fetuses in women of the control group who did less exercise, depending on fetal state at three different time points (weeks of gestation 28, 32, and 36) in pregnancy. In active fetal state, at gestational week 36 all assessed parameters of HRV (SDNN, RMSSD, VLF, LF, IntF, HF) were significantly higher in fetuses of women in the exercise group compared to fetuses of women in the control group. At gestational week 28 and gestational week 32 differences were not significant for any of these parameters (Tables 3, 4 , and 5).
Infant outcomes
Only one article referred to the influence of regular maternal PA on infant HRV [39] . The authors showed that RMSSD, LF and HF were significant higher in infants born of women who performed a minimum of 30 min of exercise three times a week (exercise group) compared to women who did less exercise (control group). SDNN and LF/HF were not significantly different between these groups (Tables 3, 4 , and 5).
Quality assessment
Using the standardized QATQS, the overall rating of the two articles referring to the intervention studies was strong [36, 43] , the articles of May, Scholtz et al. [39] and May et al. [38] was moderate, and the articles of May et al. [47] , Van Leeuwen et al. [41] , May, Suminski et al. [37] , Gustafson et al. [42] , and May et al. [40] was weak ( Table 6 ). The longitudinal study by May et al. [40] and related articles were rated weak for 'representativeness' since the authors provided inconsistent reporting of the sample size without providing reasons for dropouts. In consequence, the readers of the articles are not able to retrace whether the samples of the articles are representative of the target population or not. In the intervention study performed by Satyapriya et al. [36] , trainers and participants could not be blinded, but the team who did the assessments and statistics was blinded.
Discussion
This systematic review of scientific literature on the influence of maternal PA on maternal, fetal or infant HRV identified nine articles. A summary of all findings is given in Table 7 . Overall, the four articles that included maternal HRV as an outcome showed inconsistent results [36, 41, 43, 47] . Of the five articles that referred to the influence of maternal PA on fetal HRV, all the articles showed increases in fetal HRV depending on maternal PA on most parameters [37, 38, [40] [41] [42] .
The inconsistency of findings with regard to maternal HRV might be due to differences in PA intensity, timing in pregnancy, or due to differences in weight status of the participants. One article showed trends of increased HRV (moderate intensity exercise, small sample size) [41] , one showed decreased HRV (OaO pregnant women) [43] , another showed increased HRV (moderate intensity exercise) [47] , and one article showed no changes on HRV (low intensity exercise group) [36] ., Both, increased BMI and progressing pregnancy cause increased sympathetic control resulting in altered HRV outcomes [15] [16] [17] [18] [19] [20] . It is expected that based on both of these scenarios the OaO pregnant women will have a different exercise HRV adaptation and therefore, the study performed by Stutzman et al. [43] found a decreased HRV compared to the other studies that investigated normal weight pregnant women. Additionally, moderate intensity PA was found to be associated with a significant increase [47] or a trend of increased HRV [41] whereas low intensity PA was not associated with changes in HRV [36] . This, however may lead to the conclusion that regularly performed maternal PA of moderate intensity may be more effective to improve maternal HRV than low intensity PA. To verify this hypothesis, more studies, including different intensities of maternal PA and its influence on maternal HRV, should be performed.
Results of the five articles on fetal HRV were more consistent, but the association of maternal PA with fetal HRV might change over time. The significant increases of different fetal HRV parameters presented in the article of May et al. [40] were only significant at gestational Table 4 Outcome measurements of each study (Continued)
May, [40] Changes in fetal HRV between exercise and control groups depending on fetal state (active vs. passive) at gw28, gw32, and gw36 Changes in maternal HRV pre and during exercise session and pre and post exercise session (acute effects) at gw20 and gw36 (effects over time) Important: differences between maternal HRV measurements at gw20 and gw36 (effects over time) were not reported to be tested for significance maternal pre (gw20) and post (gw36) intervention maternal pre (gw20) and post (gw36) intervention week 36 but not at weeks of gestation 28 and 32. The only article that referred to the influence of maternal PA on infant HRV reported significant increases in most of the HRV parameters [39] . Therefore, the overall consistency of the findings is high reflecting that maternal PA may increase fetal HRV, especially in late pregnancy. Nevertheless, since quality of four of five articles assessing fetal HRV was weak, and were based on only one study, level of evidence has to be rated as low.
The overall global rating for the standardized quality assessment of the articles is moderate to weak (Table 6 ). Only the two intervention studies were of strong quality [36, 43] . However, these articles only reported data on maternal and not on fetal or infant HRV. Furthermore, they reported inconsistent results showing decreases as well as increases of maternal HRV depending on the type of maternal exercise. In addition, Satyapriya et al. [36] compared maternal HRV between women of an exercise group that performed yoga and women of a control group that performed standard prenatal exercise. Since both groups, the exercise as well as the control group, were physically active, it is unclear whether the changes in HRV depends on PA alone or on for example pregnancy induced cardiovascular adaptations. Therefore, future intervention studies in pregnant women assessing HRV measurements depending on maternal PA should include a physically non-active control group.
Seven articles originated from the same study and sample carried out by May et al. [40] . Although the authors highlight in each article that respective data are post-hoc analyses of a subset of the original longitudinal study, it is unclear why the number of participants differs among these articles (Table 1 ). In the original article the authors report that 61 women were enrolled into the study and state that not all women participated in all three visits due to non-compliance or delivery prior to 36 weeks of gestation. However, the reasons for the different sample sizes reported in the studies, as well as for participant drop-out, were unclear. For studies assessing PA in participants, especially in pregnant women, it is of utter importance to clarify why participants were excluded or dropped out of a study to ensure that the reason for drop-out was not potential complications as a result of PA. Only one article [40] took fetal state (active Table 5 Outcome measurements of each study (Continued) gw36: exercise pre session: 3.5 ± 0.8 post session: 2.8 ± 0.8 (p = 0.001) control pre session: 3.2 ± 0.9 post session: 2.6 ± 0.9 (p = 0.001) (F fetal, gw gestational week, HF high frequency, HRV heart rate variability, LF low frequency, LTPA leisure-time physical activity, M maternal, ms millisecond, NW normal weight, n.s not significant, OaO overweight and obese, sig significant, SE standard error, TP total power, VLF very low frequency) a data were log transformed to fulfil Gaussian distribution b measurements are only presented for active fetal state. Note that sample size is reduced at all time points (GA weeks 28 (n = 39), 32 (n = 37), 36 (N = 29)); results for quiet fetal state are not presented in this table because sample size is very small in this group The component 'blinding of outcome assessors and participants' has been considered not applicable for observational and interventional studies. The reason for considering blinding not applicable for intervention studies in this case is that in studies with physical activity intervention the assessors (i.e. researchers) and the participants are very likely to know the outcome of the randomization [51] vs. quiet) into account when assessing the influence of maternal PA on fetal HRV depending on fetal state (active vs. quiet). Since fetal heart measurements are mediated by fetal behavior [52, 53] , future studies should consider this aspect. Without taking fetal state into account, interpretations of fetal HRV data are impossible. Furthermore, the authors used the MPAQ to retrospectively assess self-reported LTPA performed during the nine months of pregnancy plus three months before pregnancy. Since objective measurements of PA delivers more valid results than self-reported (subjective) measurements [54, 55] , future studies assessing PA in pregnancy should use objective devices such as accelerometers, or use an exercise intervention (randomized design).
Conclusions
Based on the current evidence available and the inconsistency of the study results, our overall conclusion is that the hypothesis that maternal PA influences maternal HRV cannot be supported. Nonetheless, some studies showed a trend that maternal HRV may be improved, especially after regularly performed maternal PA of moderate intensity. Given that most of the articles referring to fetal HRV showed positive effects, we also conclude that there is a trend that maternal PA might increase fetal HRV. Only one study assessed infant HRV, and therefore no conclusion can be drawn as yet. As a consequence, we are not able to provide a clinical conclusion at this time but moderate intensity maternal PA might be more beneficial to improve HRV compared to low intensity maternal PA. Since HRV is a noninvasive and surrogate marker to determine fetal overall health and the development of fetal ANS, more evidence is needed to clarify whether this highly relevant marker during pregnancy can be influenced by maternal PA. Therefore, we recommend that future studies on the influence of maternal PA on HRV should consider exercise intensity, maternal overweight and obesity, progression of gestation as well as fetal state. Additionally, future studies should include welldesigned intervention studies with a physically inactive control group or longitudinal studies objectively measuring maternal PA. (HF high frequency, HRV heart rate variability, IntF intermediate frequency, LF low frequency, n.s. RMSSD root mean square of successive difference, SDNN standard deviation of normal-to-normal intervals, TP total power, VLF very low frequency) ↑, increase; ↓, decrease; -, variable not assessed (↑), HRV parameters were decreased from gw20 to gw36 in all 4 groups but these decreases were only significant in the control groups. In consequence, there was a relative increase of maternal HRV parameters in the exercise groups compared to the control groups namely that the decrease of HRV was smaller in the exercise groups. Therefore, we used this symbol (↑) to illustrate relative increase a significant changes in HRV between exercise and control group have been found but not at all time-points of measuring (gw28, gw32, gw36)
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